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Two-dimensional materials have attracted much research attention given their intriguing
properties. The latestmember of this class of materials is silicene. In this work, we investigate
the adsorption of Fe, Co and Ni adatoms on silicene using plane-wave density functional
theory calculations within the Perdew-Burke-Ernzerhof parameterization of the generalized
gradient approximation for the exchange-correlation potential. In particular, we calculate the
binding energy, magnetization, and projected electronic configurations of these adatoms
adsorbed at different sites on the silicene. Our calculations show that the hole site (i.e. in the
centre of a hexagonal-like arrangement of Si atoms) is the most stable configuration for all
three elements. The Fe, Co and Ni adatoms were found to bind very strongly to the silicene,
between 4-6 times stronger compared to their binding strength when adsorbed on graphene.
Like graphene, we find that the Ni adatom binds strongest. We also find that the binding
strength is inversely proportional to the distance between the metal adatom and a Si atom in
the silicene sheet. Our work suggests that these adatoms are stable on silicene and have
potential to be used in applications such as spintronics and topological insulators.
1.

INTRODUCTION

Two-dimensional materials have garnered much attention since of their rich
properties. For example, graphene10, a flat monolayer of carbon atoms tightly
packed into a two dimensional honeycomb lattice honeycomb I8, has a unique sp2
hybridization, a wide range of thermal, chemical and electronic properties, and
potential for many novel applications. Since 2004 when graphene nanoribbons were
shown to be able to be separated from bulk graphite 23, graphene has been applied
for various functional uses, such as the growth of semiconductors. Superposition of
graphene and other carbon atoms can form many other structures, including
graphite, nanotubes, or fullerenes. This makes graphene a flexible material for use
in industrial applications. Furthermore, graphene is classified as a zero-gap
semiconductor, although only for a maximum of two carbon layers10.
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Silicon resides in the same group in the periodic table as carbon and shares
several similar characteristics to it, such the number of valence electrons. However,
silicon has additional properties that carbon does not exhibit, and carbon based
nanomaterials are not compatible with modern silicon based electronics.2 Since it is
unlikely that the electronics industry would reconfigure and base their technology
on carbon, there has been strong theoretical interest in investigating the properties
of the Si analogue of graphene, silicene1'30"31
Silicene does not occur naturally, and also there does not seem to be a Si
equivalent of graphite that occurs naturally in nature; hence, pure 2D silicene layers
cannot be achieved by extrapolation methods which were previously used to
synthesize graphene.
Silicene has been shown to be produced through epitaxial growth of silicon
atoms on Ag(l 11), although they can be partially grown on Ag(l 10) and Ag(001) as
well.18 This notation describes the lattice structure of the metal using its Miller
indices, so that the integers (hkl) represent a plane orthogonal to the three given
components.17 However, this can only occur under special conditions, such as the
use of a powerful vacuum and the relatively weak interaction between the metal and
silicon atoms, which allows bonds to form between silicon instead of the other
metal.18 Silicon structures such as silicene nanoribbons have also been achieved
through the use of such method1, and more efforts are now channeled to
synthesizing larger structures of silicene with different configurations.
The band structure of silicene has also been a subject of several studies. For
example, the band gap of silicene can be placed under direct control by an external
electric field. An external electric field can break the inversion symmetry at the
Fermi level in silicene, which would expand the band gap at that point.3
Comparisons between silicene and graphene also give rise to several interesting
conclusions; for example, Lalmi et al. demonstrated that the band structure of
silicene is analogous to graphene's own unique band structure composed of Dirac
cones (2010). Specifically, the presence of Dirac cones around the K and K'
crossing points of both silicene and graphene allows the electrons in this area to
behave as Dirac fermions, which are massless. Near these K points, the pi bands are
two-fold degenerate and weaker in silicene, meaning that quantum tunneling is less
common than in graphene. Interestingly, this result was calculated using density
functional theory, which will be the prime tool in this investigation.12 Graphene also
presents some limitations that silicene overcomes: for example, silicene does not
exhibit a zero band gap and weak spin orbit interaction, which presents a big
problem when studying graphene and its applications.29
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Other theoretical results from experiments include the possible modulation of
the electronic and the magnetic properties of silicene using a single C-chain28,
modulation of the energies of spin-polarized edge states with perpendicular electric
fields19, the existence of the quantum anomalous Hall (QAH) phase in silicene
through control of the electric field in the silicene sheet7, and the varying
hybridisation states of the silicene structure.1 This shows the versatility of silicene
as a new material, and its possible diverse applications in electronics. Recently,
some studies discuss the possibility of silicene as a possible spintronics material.24'31
which was logical as graphene already shows spintronics properties.14 Furthermore,
silicene is classified as a topological insulator, which means its interior behaves as
an insulator while the surface can conduct electricity like a superconductor. When
an electric field is applied to silicene, it undergoes a topological phase transition. At
this phase transition point, the presence of a band inversion allows the silicene to be
in the topological insulator phase, or another band insulator phase.5 These properties
all allow silicene to be a viable component of spintronic devices, which gives it an
advantage over graphene in the modern-day electric components.
Several scientific techniques and instruments are crucial in the study of these
nano-materials as well. This includes density functional theory (DFT), which has
been used commercially in research of insulators, semiconductors, and other bulk
materials such as metals. However, it is especially useful in the study of other
materials, such as silicene and even proteins. DFT generalizes the many factors
involved concerning electrons in a solid state system to simply electron density
through the Hohenberg-Kohn theorem and the Kohn-Sham method, which models
electrons that do not interact. In general, the many different Hohenberg-Kohn
theorems incorporate the movement of electrons due to a force provided by any
external potential, and relate it to electron density; one theorem in particular states
that ground state density of a system is that which minimizes total energy of the
system.4 Another theorem, the Hellman-Feynman theorem, simplifies the energies
of multiple electron systems into single-electron based calculations. The plane wave
variety of this process is useful is the study of material in the solid state such as
silicene or graphene. Density functional theory also incorporates several other
theorems and equations in its calculations. Most importantly, it incorporates all the
electrons interactions through modeling coulomb interaction, and then provides
asymmetrical solutions to the many-electron Schrodinger equation. However, the
near impossible many-electron Schrodinger equation is solved by the DFT because
it maps the entire system onto an approximation of a singular particle, which gives a
highly accurate approximation. In order to consolidate the many mathematical
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principles and achieve the single electron equations, DFT finally incorporates what
is known as the variation principle.22
The purpose of this investigation is to determine the effect of adding adatoms of
iron, nickel, and cobalt on a single layer of silicene lattice through the use of a
computation program that incorporates Density Functional Theory (DFT).
Specifically, the project aimed to determine the most energetically favorable
bonding configurations, as well as to study various electrical and magnetic
properties of these configurations. These calculations can provide the basis for
future research, and may also have novel applications in semiconductors, spintronic
devices, and other electronic devices.

2.

METHODOLOGY

The plane-wave based density functional theory program PWSCF (ESPRESSO
Version 5.0.1)27 was used to perform all calculations. The Rappe-Rabe-KaxirasJoannopoulos (RRKJ) ultrasoft pseudopotential was used for all species. In the case
of all the atoms, only the valence electrons were considered. The Perdew-BurkeErnzerhof (PBE)15 generalized gradient approximation (GGA) correction formalism
was employed for the exchange-correlation functional. All pseudopotentials were
obtained from the PWSCF pseudopotential online reference27. Moroni et al.5
reported that GGA-type calculations are poor in predicting the ground state
electronic structure of free atoms (4s2 3dn-2) because of the inadequate treatment'of
exchange-correlation in the functionals used. This is due to preference of d
occupancy over s occupancy, and the adsorption energies calculated may be
underestimated. Though, with use of a RRKJ ultrasoft pseudopotential, it has been
shown that the magnetic moments calculated for a Fe atom on graphene, obeyed
Hund's rule16, hence, the calculations are of sufficient reliability.
Each periodic supercell in our calculations consisted of 32 Si atoms (in the
silicene sheet) and 1 metal adatom. Our supercell dimensions are 15.36A x 15.36A
x 15.36A in each of the unit cell vectors. We made use of the Marzari-Vanderbilt
method 21, and smearing was used to aid convergence with a small Gaussian spread
of 0.001 Ry (0.013 eV). Local states and populations were calculated by projecting
the plane-wave onto specific orbitals. All k-points generated in our calculations
were based on the Monkhorst-Pack algorithm13. Convergence with respect to cutoff
energies for both the wave function and the electron density, and the number of
k-points, was checked by calculating the binding energy of the a single Fe atom
adsorbed at the hole site of the silicene sheet.
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A cutoff energy of 40 Ry for the planewave and 480 Ry for the energy density,
with a Monkhorst-Pack grid of 4 x 4 x 1 (equivalent to 10 k-points in the Brillouin
Zone for the symmetry of our supercell) was found to be sufficient to achieve
convergence in the context of calculating relative energies, specifically the
adsorption energy of Fe above a hole site in silicene. There was no significant
difference (i.e. more than 0.01 eV) when using a (6 x 6 x 1) or a (8 x 8 x 1)
Monkhorst-Pack grid was used. In calibrating these energies, we utilized the
Monkhorst-Pack grid without any Brillouin Zone shift and a force convergence
threshold of 10-3 a.u. An excess of at least 10 bands was used in each of our
calculations.

3. RESULTS AND DISCUSSION
In this work we calculated the binding energy, magnetization, projected electronic
configurations, band structures and density of states for Fe, Co and Ni adsorbed at
four different sites on silicene. These four sites are represented in Figure 1.

Fig. 1. The four adatom adsorption sites studied in this work. The Si atom in silicene at an a-site (red) is
above the average plane of silicene. The Si atom at the b-site (blue) is below the average plane of
silicene. For the 'a' and 'b' sites, the Fe, Co and Ni adatoms are adsorbed vertically above those points.
The hole site (h-site, green) and middle-of-SiSi bond (m-site, yellow) site correspond to Fe, Co and Ni
adatoms adsorbed vertically above those points.
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Table 1. The binding energy (B.E.), the metal adatom electronic configuration when adsorbed (Ad.E.C),
and magnetization (Mag.) of the Fe, Co and Ni adatoms adsorbed at each of the four sites. The hole site
configuration for all species was found to bind strongest to silicene. The magnetic moments for each
adsorbed adatom is 2 p.B lower compared to the free atom magnetization.
Metal

Ad.
Site

B.E.
(eV)

Ad.E.C.

Mag.

Fe

h
a
b
h
a
b
h
a
b

3.51
2.99
3.15
3.88
3.34
3.46
4.58
3.77
3.97

3dm4soj,
3d7U4sa41
3d 7.12 4s 0.4.
3d 8.25 4s 0.38
3d 8.21 4s 0.43
3d 8.21 4s 0.42
3d 9.09 4s 0.40
3d 9.06 4s 0.44
3d 9.08 4s 0.42

(Ma)
2.0
2.0
2.0
1.0
1.0
1.0
0.0
0.0
0.0

Co

Ni

Fe, Co and Ni adatoms adsorbed at the h-site are the most stable relative to other
adsorption sites for each species. The binding energy of each species at the h-site is
at least 0.4 eV higher than at the next most stable site. The binding energy of all
three species on silicene (at the h-site) is at least four times higher compared to their
corresponding adsorption site on graphene. Fe, Co and Ni bind 6.1, 4.0 and 3.3
times more strongly (0.58 eV, 0.97 eV and 1.37 eV for Fe, Co and Ni respective;
Johll 2009) to silicene at the h-site than to graphene at a similar h-site as well. The
magnetization of each metal adatom is reduced by 2 |j.B when adsorbed compared to
the free-atom magnetization.
The electron configurations for each metal adatom differs little when adsorbed
at different sites. The Fe, Co and Ni adatoms have electron configurations of
3d 71 4s 04 , 3d8-24s04, and 3d9 '4s 04 , irrespective of the adsorbed site. The 3d electron
population is very similar to the 3d electron population of the same species when
adsorbed at the more stable hole-site on graphene. The difference in electron
populations of these adatoms when adsorbed on silicene compared to graphene
arises mainly in the 4s electron population. In silicene, the metal adatoms have
about 0.4 electrons in the projected 4s state. In graphene this state is only populated
with 0.15 (or 0.16) electrons. This implies that there are approximately 0.25 less
electrons transferred to the silicene than to graphene. We hypothesize here that a
greater amount of electrons is transferred to graphene than to silicene because of the
low-lying 7t* bands in the former. This would also explain the lower binding energy
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of the adatom to graphene: populating the n* states might imply breaking some
Ji-bonds. Also, the sp-sp mix in silicene would imply that electron transfer to this
material would be less pronounced. Instead, there might be a greater extent of
covalent bonding between the metal adatom and the silicon atoms in its immediate
environment. In this work, our pseudopotential for the Si atoms does not take into
account the 3d states. Hence, all electron transfer from metal adatom to silicene
would be constrained to the 3s and/or 3p states alone. This points us to consider the
same set of calculations albeit using a pseudopotential that takes into account the 3d
states in Si.
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Fig. 2. Charge isosurfaces for (a) Fe (b) Co (c) Ni on the 'h' site (isovalue = 0.1). The charge densities
are concentrated about the adatom.
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Fig. 3. Charge isosurfaces for (a) Fe (b) Co (c) Ni on the 'b' site (isovalue = 0.1). The charge densities
are concentrated about the adatom.
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Fig. 4. Magnetization isosurfaces for (a) Fe (b) Co (isovalue = 0.002) and (c) Ni (isovalue = 1E-6) on 'h
site. Although magnetic moment is localized at adatom for both Co and Fe, the magnetization for Fe is
spread out over a larger area than Co. Ni isosurface displays synchronization of magnetic moment
between alternate Si atoms. The 6 nearest Si atoms to Ni display no magnetic moment.
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Fig. 5. Relaxed 'b' sites for each species (a) Fe (b) Co (c) Ni. Ni at the b site has the strongest adsorptio
(3.97eV) to silicene.
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Table 2. Spin-up and Spin-down band gaps for metal species at the h site.
Metal
Co

Band Gap at K Point (eV)
Spin-up
Spin-down
0.7028
0.2822

Difference
0.4206

Ni

0.0087

0.0087

0

Fe

0.0399

0.0594

-0.0195

0.5621

0.5621

0

Si

Site

Plain

We studied the band structure for spin up and spin down electrons in each
species in the h site. The difference in spin-up and spin-down band gaps in Co
suggests the possibility of using it as a spintronics device with a higher energy
barrier for spin-up current.

4.

CONCLUSION

In this work, we used density functional theory to calculate the ground state
electronic properties and geometries of Fe, Co and Ni adatoms adsorbed at four sites
on silicene. We found that the h-site (i.e. hole site) configuration is the most stable.
This site is at least 0.4 eV more stable than other adsorption sites for any given
element. Fe, Co and Ni adatoms adsorbed by at least four times more strongly to
silicene than to graphene. This might imply that the sticking coefficients and
diffusion barriers of these adatoms are higher for silicene than for graphene. There
are approximately 0.2 less electrons transferred to silicene than to graphene for the
systems we studied here. We postulate that this is due to the lack of low-lying jt*
bands in silicene. Finally, the direct spin-up/spin-down band gaps at the K point for
Fe, Co and Ni adsorbed at the h-site are x, 0.7028/0.2822 and 0.0087/0.0087 eV
respectively.
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